Introduction {#s1}
============

The arrangement of epithelia as tubules is a widespread feature of organs. Epithelial tubules transport nutrients, gasses, or fluids, modifying such contents as they transit the lumen. Distinct and ordered functional regions along the tubule proximo-distal (P-D) axis--expressing specific combinations of transmembrane transporters/channels--often underlies this modifying ability. The developmental mechanisms underlying P-D axis patterning in epithelial tubules are not well understood for any organ. The insect renal (or Malpighian) tubule is a relatively simple epithelial tubule that possesses distinct functional regions along its length, including a distal region that secretes the primary urine, a reabsorptive region where the urine is modified, and ultimately a proximal ureter that drains the urine destined for excretion into the gut (references within [@bib13]; [@bib72]; [@bib55]; [@bib15]; [@bib89]). We were interested to use this simple system in *Drosophila* to uncover the mechanisms underpinning P-D axis patterning in tubular epithelia.

It is likely that signals emanating from one or other end of a tubule could orchestrate such patterning. Putative roles for several signalling pathways in patterning the tubule P-D axis is hinted at from previous Malpighian tubule studies, or from roles in analogous developmental processes. These include EGF ([@bib63]; [@bib76]; [@bib35]), JAK-STAT ([@bib68]; [@bib69]), Notch ([@bib84]; [@bib25]), Dpp/BMP and Wnt/Wingless(Wg) ([@bib40]; [@bib14]).

Wg, which is the focus of this study, plays a role in the establishment of the P-D axis of the *Drosophila* limb and may have been recruited into an analogous role in tubule patterning ([@bib40]; [@bib14]). A role for the Wnt pathway has also been established in patterning the P-D axis of kidney nephrons ([@bib43]; [@bib64]; [@bib22]), which may have developmental mechanisms in common with Malpighian tubules. Wg has been shown to be necessary for establishment and proliferation of the Malpighian tubule primordia ([@bib70]), as well as in specifying the tip cell at the distal end of the tubule ([@bib84]), however its potential role in patterning the P-D axis of the tubule has not been investigated.

The Wnt/Wg family of developmental signalling molecules have long been considered to act as classical morphogens ([@bib77]), spreading through tissues to confer concentration-dependent positional information to cells distant from their source. However the requirement for release and spread of the Wg ligand in developmental patterning has been challenged by more recent studies. Alexandre and colleagues studied flies in which all Wg had been replaced by a membrane-tethered form, which restricts the signal to Wg-producing cells and those cells immediately adjacent. The remarkable normality of the resulting flies, including their normal wing morphology, led the authors to suggest that the release and spread of Wg is not required for patterning, and rather that it appears to function in modulating cell proliferation. As a result they argued that the requirement for the release and spread of Wnts in other contexts should also be revisited ([@bib2]). It is still a contested question as to whether release and spread is required or is dispensable for Wnt/Wg patterning activity in other tissues.

Here, we show that a Wg signal emanating from the midgut at the proximal end of the Malpighian tubule plays a crucial role in patterning the tubule's P-D axis. In flies in which Wg is replaced by a membrane-tethered form, the proximal tubule is not correctly patterned, leading to severe morphological deformities of the ureter. Wg signalling patterns the proximal tubule by activating expression of *odd skipped* (*odd*), and activation is dependent on an *odd* enhancer, bearing binding sites of the Wg signalling mediator Pangolin/dTCF. This indicates that activation is achieved directly by Wg pathway signalling. Therefore in the Malpighian tubule, in contrast to other fly tissues such as the wing, there is a functional requirement for release and spread of Wg for its patterning activity. To our knowledge this provides the first developmental context in which the release and spread of Wg has been explicitly tested and found to be required for patterning at the level of both gene expression and tissue morphology. This work also uncovers an important mechanism to pattern the P-D axis of an epithelial tube, and establish the Malpighian tubule as an ideal system to study the mechanisms underlying the release and spread of Wnt/Wg in development.

Results {#s2}
=======

Wingless signalling patterns the proximal malpighian tubule {#s2-1}
-----------------------------------------------------------

We wished to test the potential roles of different signalling pathways in the P-D patterning of Malpighian tubules during *Drosophila* embryogenesis. To do so we activated or inhibited signalling pathways using a tubule-specific driver (*CtB-Gal4* ([@bib76]), which is subsequently referred to as *cut*), and analysed the expression pattern of the proximal marker Odd and distal marker Homothorax ([Figure 1B](#fig1){ref-type="fig"}; [@bib94]; [@bib79]; [@bib86]). Manipulation of EGF, JAK-STAT, Notch and Dpp/BMP did not produce clear P-D defects (data not shown). However, striking defects in proximal tubule patterning are produced when targeting the Wg pathway.

![Wingless signalling activates expression of Odd skipped in the proximal tubule.\
(**A**) Diagram to indicate organisation of the anterior and posterior Malpighian tubule pairs in the embryo, which emanate from the gut at the midgut-hindgut junction. Wild-type expression domains of Cut (magenta) and Odd (green) are indicated. B-E show maximum intensity projections of approximately stage 16 *Drosophila* embryos, oriented anterior left, stained with anti-Cut to mark the entire tubule and anti-Odd to highlight the proximal tubule. Arrowheads mark the distal extent of the Odd-expressing domain in the tubule. Asterisks indicating Odd expression in posterior midgut. An enlargement of the Odd-expression domain in the anterior tubule corresponding to boxed region is provided (right panel). Note that not all tubules may be visible due to orientation. (**B**) Control (*w^1118^*) embryo showing Odd staining in the nuclei of both ureters at the proximal end of the Malpighian tubules (arrows indicate tubules). (**C**) Embryo in which dominant negative *pangolin/dTCF-∆N* (*pan/dTCF-∆N*) is expressed in tubules under control of the *cut* promoter, to inhibit Wg signalling. (**D**) Embryo in which constitutively active *armadillo^S10^* (*arm^S10^*) is expressed in tubules under control of the *cut* promoter, to activate Wg signalling. (**E**) A *wg* temperature sensitive mutant (homozygous *wg^1-12^*), switched to the restrictive temperature during later stages of tubule development (see Materials and methods for timings). Arrows indicate the Malpighian tubules (displaying somewhat abnormal morphology) which show no clear anti-Odd staining. Scale bar = 50 μm.](elife-35373-fig1){#fig1}

We firstly tested inhibition of Wg signalling by driving Malpighan tubule expression using a dominant negative version of the pathway regulator *pangolin/dTCF* (*pan/dTCF-∆N*) ([@bib80]). Upon *pan/dTCF-∆N* expression we observed a greatly reduced Odd-expressing region in the proximal tubule, whilst the midgut expression of Odd (where *pan/dTCF-∆N* was not driven) was unaffected ([Figure 1B,C](#fig1){ref-type="fig"}). Secondly we performed the converse experiment in which we activated Wg signalling by driving Malpighian tubule expression of a constitutively active version of the pathway regulator *armadillo/β-catenin* (*arm^S10^*). Upon *arm^S10^* expression we observed an expansion of the Odd-expressing domain ([Figure 1B,D](#fig1){ref-type="fig"}).

To rule out the possibility that the expression of *pan/dTCF-∆N* and *arm ^S10^* affected tubule patterning by disrupting processes other than Wg signalling we assessed Odd staining in a *wg* mutant. As Wg is necessary for tubule cell proliferation at an earlier timepoint we utilised a temperature sensitive *wg* allele (*wg^1-12^*), shifting to a restrictive temperature at the earliest point possible without compromising the final number of tubule cells ([@bib70]; see Materials and methods for details of timing). Under these conditions Odd staining was abolished in the Malpighian tubules and neighbouring midgut ([Figure 1E](#fig1){ref-type="fig"}). As the domain of Odd expression was lost in *wg* mutants and greatly reduced upon inhibition of Wg signalling, and expanded upon constitutive activation of Wg signalling, we conclude that Odd expression in the proximal tubule is activated by Wg signalling. It is not possible from these experiment to know whether regulation of Odd by Wg signalling is direct or is relayed through other pathways. This issue is addressed with further experiments described below.

We wanted to determine whether Wg functions as a general activator of proximal tubule expressed genes, and therefore assessed the expression of an additional known proximal marker, Caudal/Cdx ([@bib44]). The expression pattern of Caudal looked normal when we inhibited or activated Wg signalling ([Figure 2A--C](#fig2){ref-type="fig"}). From this we conclude that an additional pathway, in addition to Wg, is also likely to contribute to the patterning of the proximal tubule.

![Caudal activation in the proximal tubule is independent of Wingless signalling.\
Maximum intensity projections of approximately stage 16 *Drosophila* embryos, oriented anterior left, stained with anti-Cut to mark the entire tubule and anti-Caudal (Cad). (**A**) Control (*w^1118^*) embryo in which Caudal can be observed staining the nuclei of the posterior midgut and the proximal halves of the tubules Note Cad expression extends more distally than Odd (compare with [Figure 1B](#fig1){ref-type="fig"}). (**B**) Embryo expressing *pan/dTCF-∆N* using the *cut* promoter. (**C**) Embryo expressing *arm^S10^* using the *cut* promoter. An enlargement of the Caudal-expressing domain from an anterior tubule corresponding to boxed region is provided (bottom panel). Scale bar = 50 μm.](elife-35373-fig2){#fig2}

Our finding that the Odd expression domain was expanded dramatically but did not extend through the entire tubule when Wg signalling (*arm^s10^*) was activated globally in the tubule ([Figure 1B,D](#fig1){ref-type="fig"}), suggests this additional signal may also contribute to the activation of Odd. This could be a second signal required to activate Odd in the proximal tubule. As Caudal appears to be functioning in a Wg-independent pathway in the proximal tubule ([Figure 2A--C](#fig2){ref-type="fig"}) and conserved binding sites of Caudal have been predicted in an enhancer region of *odd* ([@bib7]), we considered whether Caudal could function in a second pathway required for activation of *odd* transcription. We therefore examined Odd expression in a *caudal* null mutant, but found that expression looked normal ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). We therefore do not find support for the hypothesis that zygotically-expressed Caudal is activating Odd expression in addition to Wg. Our experiment does not rule out the possibility that remaining maternal Caudal could contribute to Odd regulation in the tubule ([@bib44]).

A wingless signal emanating from the midgut directly activates odd skipped in the proximal tubule {#s2-2}
-------------------------------------------------------------------------------------------------

We sought to determine the source of Wg signalling in the tubule. Firstly, we stained Wg protein using a conventional fixation/staining protocol, which is likely to predominantly reveal the location of intracellular Wg, and to underrepresent the true extent of extracellular Wg ([@bib74]), but we considered it useful for determining the source of the Wg producing cells.

We found Wg expression in the midgut in a region of cells close to the proximal end of the tubule adjacent to the ureter, consistent with previous reports ([@bib78]; [@bib26]; [@bib30]; [@bib5]). Wg overlapped with Odd in a small region of the midgut, but the Odd domain extended beyond Wg both further into the midgut and into the tubule ureter ([Figure 3A](#fig3){ref-type="fig"}). This pattern of expression fits with the idea that Wg activates Odd in the most proximal region of the tubule (and most likely also in the posterior-most region of the midgut, see [Figure 1E](#fig1){ref-type="fig"}). To attempt to visualise the localisation pattern of extracellular Wg we used a staining protocol previously used for this purpose, in which detergent is excluded ([@bib61]). With this protocol Wg staining appeared qualitatively similar to that described above, but was weaker and more variable (data not shown). We also examined the expression of *frizzled 3 \> RFP*, a reporter of Wg pathway activation ([@bib56]), by performing staining with anti-RFP. We observed staining throughout the tubule, however this pattern appeared unchanged when we inhibited the Wg pathway by expressing *pan/dTCF-∆N* using the *cut* driver (data not shown). We consider that RFP may be persisting in tubule cells in which Wg signalling was active at an earlier stage of development, and that *frizzled 3 \> RFP* does not give an accurate readout of Wg signalling activity in later development.

![Wingless activity extends from the midgut into the proximal tubule to directly activate Odd skipped expression.\
Maximum intensity projections of approximately stage 16 embryos oriented anterior left. Asterisks indicate midgut and arrows indicate proximal ends of tubules. In each case the two right panels show enlargement of areas marked with squares. (**A**) Staining for anti-Wg and anti-Odd revealing Wg staining in a small patch within the midgut and Odd staining in the posterior midgut and both tubule ureters. (**B**) Cartoon to indicate features of *odd* enhancer region containing pangolin/dTCF binding sites and helper site. (C) Transgenic embryo containing the putative *odd* enhancer upstream of a GFP reporter gene (*odd enhancer \> GFP*) stained for anti-Cut and anti-GFP. (**D**) Transgenic embryo containing the putative *odd* enhancer bearing mutated pangolin/dTCF binding sites upstream of a GFP reporter gene (*odd enhancer (mutant) \> GFP*) stained for anti-Cut and anti-GFP. Scale bar = 50 μm.](elife-35373-fig3){#fig3}

We next wanted to determine the mechanism by which Wg activates the expression of Odd, and with this in mind were interested in recent evidence suggesting direct regulation of Odd by Wg. Franz and colleagues identified a 473 bp Wg-responsive enhancer region, 5.2 kb upstream of *odd* ([@bib18]). Wg-responsive enhancers typically comprise bipartite recognition sites containing pan/dTCF-binding motifs and distinct Helper motifs ([@bib3]; [@bib10]; [@bib80]). The 473 bp region contains a Helper motif and three pan/dTCF-binding motifs ([Figure 3B](#fig3){ref-type="fig"}; [@bib18]). In *Drosophila* Kc culture cells it was demonstrated that the ability of this enhancer to drive expression is abolished by mutation of the pan/dTCF motifs suggesting it is a direct target of Wg signalling ([@bib18]). We aimed to test whether Wg regulates Odd in vivo. To do so we generated transgenic flies with the 473 bp enhancer region upstream to a GFP reporter. We also generated a version using the previously reported mutant pan/dTCF binding site version ([@bib18]). We found that the wild type version recapitulated the Odd expression pattern in the midgut and proximal tubule ([Figure 3A,C](#fig3){ref-type="fig"}), demonstrating that this enhancer is sufficient to drive expression of *odd* in these tissues. In contrast mutating the pan/dTCF binding sites abolished reporter gene expression completely ([Figure 3D](#fig3){ref-type="fig"}). We conclude that Wg signalling acts directly to activate *odd* transcription via binding of pan/dTCF to the *odd* 473 bp enhancer.

Wingless acts as a released signal to pattern the malpighian tubule {#s2-3}
-------------------------------------------------------------------

Studies in which Wg is restricted to expressing cells and can only activate signalling in the producing cells and their immediate neighbours (by membrane-tethering of Wg), have demonstrated that Wg is only required as a short-range, autocrine/juxtacrine signal in the context of wing patterning ([@bib2]). Further, replacing Wg with tethered Wg produced almost entirely normal flies, suggesting that autocrine/juxtacrine Wg signalling is also largely sufficient within the context of the development of the whole animal. However, tethered Wg flies were developmentally delayed and had reduced general fitness when compared to their control siblings. Alexandre and colleagues therefore suggest that although Wg is dispensable for patterning, release and spreading of the Wg signal is required, most likely to modulate cell proliferation.

As we find that *odd* is a direct target of the Wg pathway ([Figure 3C,D](#fig3){ref-type="fig"}) we can exclude the possibility that intermediate pathways act to relay the Wg signal from its source (a small patch of cells in the midgut) to cells of the proximal tubule (a distance of several cells away). We therefore wondered whether the ability of Wg to be released and to spread from its source would be required for P-D patterning in the tubule. We therefore tested whether tubule expression of Odd was compromised in flies in which *wg* had been replaced by the short-range acting, membrane-tethered version (*Nrt-wg*). In *Nrt-wg* embryos the extent of Odd expression was truncated in comparison to control embryos. The length of the Odd expressing domain measured from the base of the tubule at the midgut was significantly reduced (by \~40%) in the *Nrt-wg* embryos ([Figure 4A--C](#fig4){ref-type="fig"}). We therefore conclude that there is a requirement for Wg to be released from the Wg-producing midgut cells and to spread over at least several cell diameters into the Malpighian tubule, to correctly pattern the tubule P-D axis.

![Membrane-tethered Wingless is unable to correctly pattern the proximal tubule.\
Maximum intensity projections of approximately stage 16 embryos stained with anti-Cut and anti-Odd, oriented anterior left. Asterisks indicate midgut and arrowheads mark distal extent of Odd expression in the tubule. Lower panels show enlargement of boxed areas. (**A**) Sibling control embryo (*Nrt-wg*/+ or +/+). (**B**) Embryo which is homozygous mutant for *wg*, and expressing membrane-tethered *Nrt-wg*. Scale bar = 50 μm. (**C**) Graph showing mean length of Odd expressing region along tubule in control (mixture of *Nrt-wg*/+ and +/+) and *Nrt-wg* embryos. Error bars indicate SEM. Control n = 29, *Nrt-wg* n = 37. P (Mann-Whitney) \<0.00001\*\*\*.\
10.7554/eLife.35373.011Figure 4---source data 1.Quantifications of Odd skipped domain length in *Nrt-wg* embryos.](elife-35373-fig4){#fig4}

To ensure that the observed reduction in the Odd domain was not a result of a reduced level of Wg protein in this context we stained *Nrt-wg* embryos with anti-Wg. Although there was variation in Wg staining, it was consistently stronger in batches of *Nrt-wg* embroyos compared to control embryos stained in parallel ([Figure 4---figure supplement 1A,B](#fig4s1){ref-type="fig"}), likely to result from an inability of Nrt-Wg to diffuse away from its producing cells.

It is also conceivable that signalling from *wg* expressing cells to their immediate neighbours is in some way disrupted in *Nrt-wg* flies, leading to the reduced Odd expressing domain, although Nrt-Wg has been shown to activate Wg signalling in adjoining cells in the contexts of the wing imaginal disks, and bristle differentiation ([@bib2]; [@bib93]; [@bib92]). In the midgut of *Nrt-wg* embryos Wg localises at the cell periphery ([Figure 4---figure supplement 1B](#fig4s1){ref-type="fig"}), as would be expected for a membrane-tethered construct, indicating that Nrt-Wg is well positioned to signal to neighbouring cells. Furthermore, the domain of cells expressing Odd appears to extend beyond the domain of cells stained with anti-Wg in *Nrt-wg* embryos, suggesting that signalling to neighbouring cells is occurring correctly ([Figure 4---figure supplement 1B](#fig4s1){ref-type="fig"}).

A third concern was that the reduction in the Odd-expressing domain could result from dominant effects of Nrt-Wg protein. In order to test this we used *wg-Gal4* to drive expression of *UAS-Nrt-wg* in a wild-type *wg* background. We did not see a reduced length of the domain expressing Odd in this condition, when compared to control embryos or embryos expressing *UAS-wg* ([Figure 4---figure supplement 2B--E](#fig4s2){ref-type="fig"}). Surprisingly we observed a slightly increased Odd-expressing domain when expressing *UAS-Nrt-wg* as well as more distal patches of cells expressing Odd (and also in the hindgut). This is likely to be explained by the finding that *wg-Gal4* appears to be active along the tubule (and hindgut) as well as in the proximal midgut ([Figure 4---figure supplement 2A](#fig4s2){ref-type="fig"}). This may result from perdurance of Gal4 as the tubule cells are known to express *wg* earlier in tubule development. The key conclusion from this experiment is that the presence of Nrt-Wg does not seem to have a dominant effect in disrupting Odd expression.

To determine the functional consequences of Wg patterning we assessed tubule morphology in tethered Wg versus control adults. In wild-type animals the two sets of tubules (anterior and posterior) join at their proximal-most end in a common ureter, which inserts into the gut at the midgut-hindgut boundary, tapering slightly toward the point of insertion. The ureter is ensheathed in visceral muscle ([Figure 5A](#fig5){ref-type="fig"}; [@bib72]; [@bib71]; [@bib9]; [@bib89]). We observed that ureter morphology was strikingly abnormal in *Nrt-wg* compared to controls. *Nrt-wg* ureters were significantly shorter than control ureters (\~200 um, n = 30 versus\~375 um, n = 47 respectively) ([Figure 5A--C](#fig5){ref-type="fig"}), and tapered much more dramatically, having a bloated distal section which was often devoid of surrounding visceral muscle ([Figure 5A,B](#fig5){ref-type="fig"}). We do not consider it likely that an elevated level of cell death contributes to the *Nrt-wg* phenotype as there was no evidence of apoptosis in the proximal tubule of *Nrt-wg* embryos ([Figure 4---figure supplement 3](#fig4s3){ref-type="fig"}).

![Disruption of the Wingless pathway leads to abnormal morphology of the adult ureters.\
Single focal plane epifluorescence images of dissected guts and Malpighian tubules of adult flies, stained to show actin (phalloidin) and nuclei (DAPI). White dashed line indicates most proximal tubule/ureter and asterisks indicate midgut. (**A**) Centred on ureter from sibling control (*Nrt-wg*/+) adult. (**B**) Centred on ureter from fly which is homozygous mutant for *wg*, and expressing membrane-tethered *Nrt-wg*. Scale bar = 50 μm. (**C**) Graph showing mean length of adult ureters in control (*Nrt-wg*/+) and *Nrt-wg* flies. Error bars indicate SEM. Control n = 47, *Nrt-wg* n = 30. P (Mann-Whitney) \<0.00001\*\*\*. (**D**) Model of signals from the gut patterning the proximal Malpighian tubule, necessary for correct ureter development. Enhancer region upstream of *odd* coding region as in [Figure 3B](#fig3){ref-type="fig"}.\
10.7554/eLife.35373.014Figure 5---source data 1.Quantifications of adult tubule ureter length in *Nrt-wg* flies.](elife-35373-fig5){#fig5}

This phenotype is likely to involve an interplay between the epithelial cells of the tubule, and the visceral muscle cells which surround them. It seems likely that the identity of the ureter cells is altered in *Nrt-wg* adults, for example through an inability to correctly activate the expression of Odd, and/or potentially other targets of Wg signalling. This phenotype could then compromise their recognition by visceral muscle cells as they migrate onto the ureter during development, leaving them devoid of ensheathing visceral muscle. This could result in an inability of the distal ureter to extend to its usual long, thin morphology due to its altered mechanical environment. In support of this model, ablation of the visceral muscle has been shown to disrupt normal extension of the midgut during pupal metamorphosis ([@bib1]). Additionally we find that constitutive activation of Wg signalling by driving the expression of *arm^S10^* in the tubules gives rise to adults in which the visceral muscle extends further distally over the Malpighian tubule surface ([Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}), providing further support for the notion that Wg signalling can alter the identity of tubule cells, which in turn regulates their interactions with visceral muscle cells.

Together our data indicate that a released Wg signal is required to pattern the P-D axis of the tubules to establish normal ureteric morphology.

Discussion {#s3}
==========

Since the 1970s, morphogens have been conceptualised in light of Wolpert's positional information/French Flag model, and similar concepts proposed by Lawrence and by Crick. In this view morphogens are signalling molecules, released from their producing cells to form a graded distribution across a tissue, resulting in different domains of gene expression depending on the activation thresholds of these target genes (references within [@bib20]; [@bib38]; [@bib12]; [@bib90]). Wnt/Wg appeared to fit the bill as a classical morphogen, and has long been considered as such ([@bib77]; [@bib52]; [@bib92]; [@bib27]; [@bib75]). However, the surprising finding that membrane-tethered Wg is able to substitute for wild type Wg to produce a largely normal fly suggests Wg primarily functions as an autocrine/juxtacrine signal and need not extend beyond the cells that produce it and their direct neighbours ([@bib2]; [@bib60]). A number of earlier studies had also provided evidence in this direction ([@bib11]; [@bib14]; [@bib82]; [@bib81]; [@bib46]).

In some cases where Wnt/Wg acts at a distance from its source, it has been shown that this occurs via cell movement rather than by release and spreading of the Wnt/Wg ligand, and is therefore functioning as an autocrine/juxtacrine signal rather than a morphogen as classically defined. For example in the case of segmental patterning in *Drosophila* embryos, Wg is transcribed in a single cell stripe, but forms a protein gradient that spans several cells. However using *Nrt-wg* embryos it was shown that this gradient is generated by cell division and movement, rather than by release and spreading of Wg ([@bib60]). Similar mechanisms have since been identified in vertebrates, for example in the mammalian intestinal stem cell niche, where Wnt3 predominantly generates a gradient through cell division and movement ([@bib17]), or in the presomitic mesoderm where a Wnt gradient is established in a similar manner in order to specify somite segmentation ([@bib4]). Additionally, long-range Wnt signalling to somites occurs by migration of neural crest cells ([@bib65]).

The conflicting views of Wnt/Wg as a morphogen or an autocrine/juxtacrine signal demonstrate how remarkably open the question of the mechanism by which Wnt/Wg pattern tissues remains. The work described here adds to this debate providing direct functional evidence that release and spread of Wg is required for the P-D patterning of the Malpighian tubule. Crucially, as we found that the membrane tethered form of Wg is not sufficient to correctly pattern the tubule, we demonstrate that cell division and movement cannot explain the propagation of the Wg signal along the tubule. Wg exerts its influence on a broader domain of the tubule than those cells in immediate contact with the Wg producing cells. The distal extent of Odd expression in the tubule most likely determined by a threshold in a Wg gradient declining with distance from the midgut. It remains to be seen whether other Wg target genes exist in the tubule, with different activation thresholds. If so Wg would serve as a true classical morphogen in this context.

We note that in other respects the Malpighian tubules are remarkably normal in the *Nrt-wg* condition. So the roles Wg plays during earlier steps of tubule development, for example in generating the tip cell and supporting cell division ([@bib84]; [@bib70]) seem to only require autocrine/juxtacrine Wg signalling. It therefore appears that Wg, and most likely other Wnts, function as released signals in some developmental contexts and as autocrine/juxtacrine signals in others, and even in the development of a single organ system might utilise these two functional modes at different developmental stages.

It will be important to determine whether Wnt/Wg functions as a released verses an autocrine/juxtacrine signal in each individual development/physiological context. Patterning of the animal A-P axis is one area where previous studies suggest a likely role for Wnt as a classical morphogen ([@bib24]). As Wg does not play a major role in this context in *Drosophila* ([@bib83]), this could explain the relative normality of membrane-tethered Wg flies. Another context where we anticipate Wnt to act as a released signal is in patterning the nephrons of the kidney, which are also epithelial tubules. Canonical Wnt signalling, and the Wnt pathway component β-catenin, have been implicated in patterning the P-D axis of the vertebrate nephron ([@bib43]; [@bib64]; [@bib22]). Similar mechanisms could also be important in other epithelial tubules in which Wnt signalling has been implicated, for example in developing lungs ([@bib47]; [@bib66]), and salivary glands ([@bib59]).

In nephron patterning it has been noted that a gradient of Wnt signalling activity is present along the P-D axis, although it is a morphologically convoluted structure. A mechanism that has been proposed to explain this, is that a gradient of released Wnt may be restricted within the lumen of the nephron, rather than spreading 'as the crow flies' from the Wnt source ([@bib43]). We suggest a similar mechanism corrals Wg-dependent activity to the proximal tubule; this would be particularly important at later stages of development when the tubule forms a convoluted hairpin structure with the distal-most end of the anterior tubule is in close proximity with the Wg source in the midgut (e.g. [Figure 1](#fig1){ref-type="fig"}). Such shaping of a signal's distribution by the tissue architecture also echoes recent reports, for example during development of the intestinal epithelium in chicks and mice tissue folding shapes the distribution of Shh, to define which cells ultimately become stem cells ([@bib67]), and the trapping of FGF in luminal structures establish the position where mechanosensory organs develop in zebrafish ([@bib16]).

There is emerging evidence of mechanisms by which Wnt/Wg can be targeted to its receiving cells, for example by cytonemes and other filopodial like projections ([@bib29]; [@bib62]; [@bib73]; [@bib45]), exosomes and lipoprotein particles ([@bib6]; [@bib23]; [@bib36]; [@bib53]; [@bib58]; [@bib19]), or through interaction with secreted chaperone proteins ([@bib51]; [@bib49]). Here we establish the Malpighian tubule as an ideal platform for future mechanistic studies of how spreading of the released Wg signal occurs, which we anticipate to be relevant for understanding this mode of Wnt/Wg function in other developmental contexts.

Vertebrate Osr-1, an orthologue of Odd, is also known to function in nephron development, although putative roles in P-D axis patterning have not been established ([@bib91]; [@bib79]; [@bib32]; [@bib85]). Existing evidence shows that Osr-1 blocks Wnt driven nephron differentiation to maintain a pool of nephron progenitor cells, by inhibiting transcription of Wnt's downstream targets ([@bib91]). This differs from the regulatory mechanism we have uncovered in Malpighian tubules. However the molecular networks of Wnt/Wg pathways and Osr/Odd members are likely to be complex, for example differing expression patterns and functions have been demonstrated for different Wnt members in the developing kidney ([@bib41]; [@bib50]; [@bib21]; [@bib48]; [@bib88]; [@bib31]; [@bib42]). Furthermore, *Osr* members can be found in microarray data from mouse kidneys in which Wnt signalling has been blocked, with *Osr-1* and *Osr-2* being upregulated and downregulated respectively ([@bib8]). It therefore seems possible that mammalian Osr-2 functions in a role analogous to *Drosophila* Odd, in patterning an epithelial tubule as a direct target of Wnt signalling.

We found that Wg signalling from the midgut directly regulates Odd expression in the proximal tubule, through the binding of pan/dTCF to an upstream enhancer region of *odd* ([Figure 5D](#fig5){ref-type="fig"}). It is also likely that the Wg pathway acts alongside a further pathway(s) to pattern the proximal tubule. Firstly, it seems that a proximal transcription factor, Caudal, functions in an independent pathway to the Wg pathway (although we have not ruled out the possibility that maternal Caudal acts upstream of Wg), as expression of Caudal was not altered upon Wg signalling perturbation ([Figure 2A--C](#fig2){ref-type="fig"}). Secondly, we found that activating Wg signalling in all tubule cells extends the Odd expression domain, but not throughout the entire tubule ([Figure 1B,D](#fig1){ref-type="fig"}), which could suggest that an additional pathway, along with Wg, is required to activate Odd expression in the proximal tubule. The pathway that actives Caudal may also be required to activate Odd. As the 473 bp *odd* enhancer is sufficient to recapitulate the expression pattern of *odd* in the midgut and proximal tubule, the simplest model is that the additional pathway also acts within this enhancer region to upregulate *odd* expression. This pathway could act by regulating a component of the pan/dTCF containing transcriptional complex (e.g. a co-activator), enabling it to drive *odd* expression ([Figure 5D](#fig5){ref-type="fig"}). Examples of such crosstalk have been reported before, for example β-catenin, a component of the pan/dTCF transcriptional complex, can be activated downstream of EGF signalling ([@bib33]), and Smad proteins in the TGFβ cascade can assemble with the pan/dTCF transcriptional complex to regulate expression of specific target genes ([@bib37]; [@bib54]). How pathways might crosstalk with the Wg pathway to pattern the proximal tubule is a fascinating question for future studies.

Materials and methods {#s4}
=====================

Fly stocks {#s4-1}
----------

Flies were cultured on standard media at 25°C unless otherwise stated. Control flies were from a *w^1118^* stock, or in cases where mutants were analysed, mutations were balanced over a *YFP* bearing chromosome (*dfd-GMR-nvYFP* balancers \[[@bib39]\]), and *YFP* expressing embryos were used as control. The following stocks were also used: a mixture of embryos bearing one or two copies of a *cut* driver, to drive Malpighian tubule expression (*CtB-Gal4* \[[@bib76]\]), *UAS-pangolin/dTCF-∆N* ([@bib80]), *UAS-armadillo^S10^* ([@bib57]), a temperature sensitive allele of *wg* (*wg^1-12^*) for which egglays were carried out for 2 hr at a permissive temperature (18°C), before incubation for \~14 hr at 18°C and finally incubated for \~7.5 hr at the restrictive temperature (25°C) which should result in depletion of Wg at later stages without inhibiting tubule outgrowth/proliferation ([@bib70]), an amorphic *caudal* mutant (*cad^2^* \[[@bib34]\]), a section of the *frizzled three* promoter driving *RFP* expression (*fz3 \> RFP* \[[@bib56]\]), *Nrt-wg*, a *wg* mutant bearing a transgenic insertion of *wg* fused to *Nrt* (*wg{KO; NRT--Wg; pax-Cherry}* \[[@bib2]\]), *UAS-Nrt-wg* (from Jean-Paul Vincent), *P{UAS-wg.H.T:HA1}6C* (Bloomington stock 5918), *wg-Gal4* (referred to as wg{KO; Gal4} \[[@bib2]\]), *UAS-CD8-GFP* was used as an expression reporter. For generation of *odd enhancer \> GFP* flies, the wild type or mutant plasmid (see Molecular cloning section below) was integrated onto the third chromosome by phi mediated recombination, by injection into *y\[1\] w\[1118\]; PBac{y\[+\]-attP-3B}VK00033* flies, performed by BestGene Inc.

Embryo fixation and staining {#s4-2}
----------------------------

Embryos were collected on grape juice agar plates with yeast paste. Embryos were fixed and antibody stained using standard techniques ([@bib87]) with the following antibodies: anti-Cut (mouse, 1:200, 2B10-c from DSHB), anti-Odd (rabbit, 1:400, from J. Skeath), anti-Caudal (rabbit, 1:200, from Paul MacDonald), anti-Wg (mouse, 1:200, 4D4, from DSHB), anti-RFP (rabbit, 1:500, ab62341, from Abcam), anti-GFP (to visualise presence of YFP carrying balancers, goat, 1:500, ab6673, from Abcam), anti-cleaved Dcp-1 (rabbit, 1:100, Asp216, Cell Signaling technology). Secondary antibodies from Jackson ImmunoResearch of the appropriate species tagged with 488, Cy3 or Cy5 fluorophores were used. Embryos were mounted in Vectashield (Vector Laboratories) or 85% glycerol, 2.5% propyl gallate, and imaged using either a Nikon A1R or Zeiss LSM800 confocal microscope. Maximum intensity projection images were generated using Fiji.

Adult tubule fixation and staining {#s4-3}
----------------------------------

Adult guts with attached tubules were dissected in PBS and transferred to 4% PFA in PBS on ice during the collection, fixed on a shaker at room temperature for a further 20mins and rinsed with PBS. Washes were performed in PBS + 0.3% Triton X-100 + 0.5% BSA. Stainings were performed with phalloidin-568 (1:100, A12380, Molecular Probes) and DAPI (1:1000, Molecular Probes) for 1 hr on a shaker, before finally washing and mounting in 85% glycerol, 2.5% propyl gallate. Imaging was performed on a Leica DMR epi-fluorescence microscope ([Figure 5A,B](#fig5){ref-type="fig"}). For [Figure 5---figure supplement 1A--C](#fig5s1){ref-type="fig"} a Zeiss LSM800 confocal microscope was used and maximum intensity projection images were generated using Fiji.

Molecular cloning {#s4-4}
-----------------

To generate plasmids for *odd enhancer \> GFP* (wild type and pangolin/dTCF binding site mutant) flies, pGreenRabbit (a reporter vector carrying GFP under a minimal promoter, and flanking insulator elements to reduce influence of neighbouring sequences, [@bib28]) was digested with NotI (New England Biolabs) and gel purified. Plasmids carrying an upstream enhancer region of *odd* (wild type and pangolin/dTCF binding site mutant \[[@bib18]\]) were used as PCR templates, and inserts were amplified using TCTAGAGGATCCCCGCACCAGCGAACCACTGAACCAC (forward) and ATCCCCCGGTACCCGCATCGATCGGGCGGCAGTCACCAT (reverse) primers. Each PCR product was then joined to the linearised pGreenRabbit plasmid using Gibson assembly (New England Biolabs).
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

\[Editors' note: this article was originally rejected after discussions between the reviewers, but the authors were invited to resubmit after an appeal against the decision.\]

Thank you for submitting your work entitled \"Wingless acts as a long-range morphogen to pattern the proximo-distal axis of *Drosophila* renal tubules\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, and the evaluation has been overseen by a Reviewing Editor and a Senior Editor. The reviewers have opted to remain anonymous.

Our decision has been reached after consultation between the reviewers. Based on these discussions and the individual reviews below, we regret to inform you that your work will not be considered further for publication in *eLife*.

These are nice data and in agreeing to have it reviewed we hoped that its advances and contributions will stand out. However, in our discussions following review, we were not compelled in this direction. Although Alexandre et al. showed that Wg can be functional when tethered to the membrane, it was never questioned that a gradient of a secreted Wg can be important. We expected that the developmental contexts may reveal more nuanced aspects of Wg\'s role as a gradient on in the tubules. We hope our reviews will be helpful in submitting to a specialised journal.

Reviewer \#1:

I think this is an interesting paper that addresses an important issue with broad implications. Basically, the authors assess that a tethered Wingless cannot fully rescue the lack of wild-type Wingless in Malpighian tubule patterning; from this result the authors conclude that Wingless acts as a long-range morphogen in this process. Precisely because of the important implications of their statement I think it is important to dismiss alternative interpretations of the results before backing a specific conclusion.

In this regard, a first issue that should be convincingly addressed is whether the same amount of Wingless is produced both in the wild-type and by the tethered Wingless construct, as a quantitative difference rather than a qualitative difference might also account for the results reported. The authors may employ the tools already used to determine the endogenous Wingless to examine the tethered Wingless.

Besides, the same notion of long-range is at stake in this case as the authors indicate that the distal region of the tubule bents to approach the source of Wingless signal in the midgut. In this scenario, a cell-cell contact mediating the midgut-to-tubule wingless signalling can be discarded? Such a cell-to-cell signalling might also be modified by an alteration in Wingless subcellular localisation. The same above-mentioned tools would be also useful to determine the localisation of Wingless upon expression of the tethered form.

On a different note, the authors should provide higher magnifications of the images of the proximal tubule. The changes in expression patterns reported are very difficult to visualise in the present figures.

Reviewer \#2:

In this manuscript, the authors revisit a problem that is under discussion since the publication of a paper in 2014 (Alexandre et al.), in which it was shown that a membrane-tethered Wingless protein can replace secreted Wingless to pattern the wing imaginal discs and gives rise to viable flies. This paper challenged the concept of Wingless being a morphogen, a molecule that activates target gene expression in a concentration dependent manner. Here, the authors present results, from which they conclude that Wingless acts as a morphogen to pattern the proximo-distal axis of the Malpighian tubules during *Drosophila* embryogenesis.

Their major findings are:

1\) Inhibition of Wingless activity by expression of a dominant-negative form of Pangolin/dTCF using ct-Gal4 supresses expression of the target gene Odd in proximal tubules. In contrast, over-activation of the pathway extends the expression domain of Odd towards more distal, although not throughout the length of the tubule. As revealed by the analysis of Caudal expression, Wg is not the only signal responsible for proximo-distal patterning, since Caudal expression is not affected upon changes in Wg activity.

2\) They confirmed that Wg is expressed in a small area of the midgut, close to the insertion site of the MT, and partially overlaps with Odd expression, but Odd expression extends a little further into the tubule.

3\) They further show that activation of an Odd reporter gene by Wg depends on an enhancer element of Odd, which has recently been shown to be required for Odd activation by pan/dTCF in Kc cells. Expression of this reporter, which mimics endogenous Odd expression, is abolished upon mutation of the pan/dTCF binding site in this enhancer.

4\) Finally, the authors show that membrane-tethered Wg, expressed in a wg mutant embryo, is unable to restore the expression pattern of Odd and results in abnormal ureter morphology.

Taken together, the authors confirm that at least in the MT, a graded expression of Wg seems to be required for normal ureter development.

From my point of view, some questions are not addressed, or some experiments are missing to make their conclusion solid.

a\) The authors argue that *Nrt-wg* \"is unable to correctly pattern the proximal tubule\". This is shown by a reduced expression domain of Odd. It is not clear what \"control\" embryos are. Are these wild-type embryos or wild-type embryos expressing *Nrt-wg*? If these are just wild-type embryos, how can the authors exclude any dominant effect induced by *Nrt-wg*?

b\) The same concern I have with the results presented in Figure 4. Is the control just a wild-type? Here it would also be interesting to know the phenotype obtained in the absence of Wg. Similarly: does secreted Wg rescue the loss-of-function phenotype? And does the phenotype shown represent a \"patterning phenotype\"? For me, it is more severe, since there also seems to be a non-autonomous effect on the visceral mesoderm, and ureter shortening could be the result of apoptosis.

c\) From results presented in Figure 3 and 4 the authors conclude that Wg acts as long-range morphogen to pattern the tubules. One feature of a morphogen is its ability to activate target genes in a concentration dependent manner (as shown for Wg in the wing imaginal disc). Showing an effect on the expression of one target gene is, from my point of view, not sufficient to talk about \"a long-range morphogen\". In addition, the phenotype presented looks more severe than a mere patterning defect.

Reviewer \#3:

Short but interesting paper reporting that in the Malpighian tubules, Wingless is secreted and disperses, as it does in most other developmental contexts. In the Malpighian tubules, however, this dispersal appears to be functionally important, demonstrating that different developmental contexts have different requirements for dispersal. I do not have any major concerns.

10.7554/eLife.35373.018

Author response

\[Editors' note: the author rebuttal and response to reviewers follow.\]

Thank you for your time in assessing our manuscript \"Wingless acts as a long-range morphogen to pattern the proximo-distal axis of *Drosophila* renal tubules,\" and for your efforts in thoroughly considering its potential suitability for eLife publication. We do however disagree with the assessment of the significance of this manuscript, and in particular the basis on which your decision not to publish it was made. You state that "it was never questioned that a gradient of a secreted Wg can be important" in the Alexandre et al study, but we would argue that this is precisely what they called into question. Whilst Alexandre et al noted that released Wingless is important for some aspects of fly development, they found no evidence for this in the context of tissue patterning -- in which Wingless and other Wnts have been considered important -- but rather that released Wingless plays a role in cell proliferation. This distinction is clearly not trivial and is reflected by publication of this study in Nature and its large number of citations. As they state, "we suggest therefore that the spread of Wingless is dispensable for patterning and growth even though it probably contributes to increasing cell proliferation". They go on to argue that "the requirement for long-range spreading of other Wnts should be revisited". Their work has therefore been cited in the field as a challenge to the assumption that Wingless and Wnts behave as released long-range morphogens, a question that is still contested. To give a few examples: "This \[the Alexandre et al study\] challenges the requirement for a spatial gradient of Wg" (Briscoe and Small, 2015). "Wingless... protein forms a long-range gradient in dorsoventral patterning of the wing disc of Drosophila. However, it should be carefully considered whether Wnt proteins act as long-range morphogens in vertebrates as well as Drosophila \[reference to Alexandre et al paper\]" (Mii, et al., 2017). "One of the reasons why it is important to take stock of this, is because there are few experiments (any?) in vertebrates that show a requirement for long range diffusion of Wnt proteins in pattern formation" (from "In time of revision: of Wingless and morphogens" - discussion article in the Node by Alfonso Martinez Arias). Indeed, as reviewer \#2 asserts "this paper challenged the concept of Wingless being a morphogen, a molecule that activates target gene expression in a concentration dependent manner", and the view that this question is still contested is also supported by their comment that in our manuscript we "revisit a problem that is under discussion since the publication of a paper in 2014 (Alexandre et al.)".

In light of this we would argue that our findings are both important and of high interest to the Wnt/Wingless field. The Alexandre et al study provides a good example of how important it is for scientific advance to be made on the basis of empirical evidence, rather than upon assumptions, correlative evidence etc. As far as we are aware our study is the first demonstration that experimentally restricting the release of a Wingless or Wnt member results in defective patterning and morphogenesis, therefore making it an important advance. The continuing contested nature of this issue will make it of high interest to the field. Furthermore, the Alexandre et al study has also informed broader discussions about the nature of morphogens and the different modes by which signals can shape development (Briscoe and Small, 2015; Bryant and Gardiner, 2016; Sagner and Briscoe, 2017), and our findings will therefore also be of broader interest, informing such discussions. In support of this, reviewer \#3 describes our work as a "short but interesting paper" and reviewer \#1 states "I think this is an interesting paper that addresses an important issue with broad implications".

Overall, the reviewers' comments support our view that the role secreted Wingless plays in pattering remains a debated issue, and that in light of this our study is important and interesting. Reviewer \#3 had no major concerns, whilst we feel that the useful concerns and suggestions of the other reviewers can be addressed which would significantly strengthen our manuscript. We would be extremely grateful if you could reconsider your decision in light of the points raised above. Thank you again for your efforts in critically evaluating our manuscript.

> Reviewer \#1:
>
> I think this is an interesting paper that addresses an important issue with broad implications. Basically, the authors assess that a tethered Wingless cannot fully rescue the lack of wild-type Wingless in Malpighian tubule patterning; from this result the authors conclude that Wingless acts as a long-range morphogen in this process. Precisely because of the important implications of their statement I think it is important to dismiss alternative interpretations of the results before backing a specific conclusion.

We are thankful for reviewer \#1's positive view of our study, regarding the importance of the issue it addresses, as well as its interest and broader implications. We agree with the need to dismiss alternative interpretations, and believe we have been able to do so, incorporating the useful suggestions made by reviewer \#1 to these ends.

> In this regard, a first issue that should be convincingly addressed is whether the same amount of Wingless is produced both in the wild-type and by the tethered Wingless construct, as a quantitative difference rather than a qualitative difference might also account for the results reported. The authors may employ the tools already used to determine the endogenous Wingless to examine the tethered Wingless.

We agree that it is important to assess possible effects of the addition of the Nrt fusion protein upon the levels of Wg, to address this concern. We have now stained *Nrt-wg* and wild-type control embryos with anti-Wingless and incorporated this into the manuscript (Figure 4---figure supplement 1). We observe a stronger anti-Wingless staining in the posterior midgut of *Nrt-wg* embryos. This is likely to result at least in part from the lack of diffusion of the Nrt-Wg protein, resulting in its higher concentration in its originating cells. We consider this finding to provide strong evidence that the *Nrt-wg* phenotypes we observe cannot be explained by a reduced presence of Wg protein in this context. It is conceivable that excessive levels of Nrt-Wg protein lead to some form of dominant disruptive effect, however other lines of evidence argue against this as we discuss in our response to reviewer \#2's comments below.

> Besides, the same notion of long-range is at stake in this case as the authors indicate that the distal region of the tubule bents to approach the source of Wingless signal in the midgut. In this scenario, a cell-cell contact mediating the midgut-to-tubule wingless signalling can be discarded? Such a cell-to-cell signalling might also be modified by an alteration in Wingless subcellular localisation. The same above-mentioned tools would be also useful to determine the localisation of Wingless upon expression of the tethered form.

We feel that it is likely that cell-cell signalling is not disrupted in *Nrt-wg* flies as Wingless targets have been shown to be activated in cells adjoining Nrt-Wg expressing cells in the other contexts of the fly wing imaginal discs (Alexandre et al., 2014; Zecca and Struhl, 2010; Zecca et al., 1996) and in bristle differentiation (Zecca et al., 1996), as we have now pointed out in the manuscript. Staining *Nrt-wg* embryos with anti-Wg as suggested revealed Nrt-Wg protein was localised to the plasma membrane as expected (Figure 4---figure supplement 1). Nrt-Wg appears relatively evenly around each cell, which suggests it is in the correct location to induce Wg signalling in adjoining cells. It does also appear from these images that the domain of Odd skipped expressing cells is larger than the domain of cells expressing Nrt-Wg, which also supports the view that Nrt-wg can induce signalling in neighbouring cells in this tissue.

> On a different note, the authors should provide higher magnifications of the images of the proximal tubule. The changes in expression patterns reported are very difficult to visualise in the present figures.

Original Figure 1 has now been divided in two to give more space, with this suggestion in mind. Enlarged regions have now been added to figures to address this point.

> Reviewer \#2:
>
> In this manuscript, the authors revisit a problem that is under discussion since the publication of a paper in 2014 (Alexandre et al.), in which it was shown that a membrane-tethered Wingless protein can replace secreted Wingless to pattern the wing imaginal discs and gives rise to viable flies. This paper challenged the concept of Wingless being a morphogen, a molecule that activates target gene expression in a concentration dependent manner. Here, the authors present results, from which they conclude that Wingless acts as a morphogen to pattern the proximo-distal axis of the Malpighian tubules during Drosophila embryogenesis.
>
> Their major findings are:
>
> 1\) Inhibition of Wingless activity by expression of a dominant-negative form of Pangolin/dTCF using ct-Gal4 supresses expression of the target gene Odd in proximal tubules. In contrast, over-activation of the pathway extends the expression domain of Odd towards more distal, although not throughout the length of the tubule. As revealed by the analysis of Caudal expression, Wg is not the only signal responsible for proximo-distal patterning, since Caudal expression is not affected upon changes in Wg activity.
>
> 2\) They confirmed that Wg is expressed in a small area of the midgut, close to the insertion site of the MT, and partially overlaps with Odd expression, but Odd expression extends a little further into the tubule.
>
> 3\) They further show that activation of an Odd reporter gene by Wg depends on an enhancer element of Odd, which has recently been shown to be required for Odd activation by pan/dTCF in Kc cells. Expression of this reporter, which mimics endogenous Odd expression, is abolished upon mutation of the pan/dTCF binding site in this enhancer.
>
> 4\) Finally, the authors show that membrane-tethered Wg, expressed in a wg mutant embryo, is unable to restore the expression pattern of Odd and results in abnormal ureter morphology.
>
> Taken together, the authors confirm that at least in the MT, a graded expression of Wg seems to be required for normal ureter development.
>
> From my point of view, some questions are not addressed, or some experiments are missing to make their conclusion solid.

We share the view of reviewer \#2 that the problem revisited by our study is one that has remained under discussion since the publication of the Alexandre et al. study in 2014, and we therefore anticipate that our findings will be of significant interest in informing this ongoing discussion. We find the suggested experiments highly useful in strengthening the conclusions of our study. We consider that we have been able to address these concerns, modifying our manuscript accordingly as outlined below.

> a\) The authors argue that Nrt-wg \"is unable to correctly pattern the proximal tubule\". This is shown by a reduced expression domain of Odd. It is not clear what \"control\" embryos are. Are these wild-type embryos or wild-type embryos expressing Nrt-wg? If these are just wild-type embryos, how can the authors exclude any dominant effect induced by Nrt-wg?

The control genotypes have now been clearly stated in the figure legends. In this case (Figure 4 of the revised manuscript) control embryos are 'sibling controls' (the *Nrt-wg* stock is kept over a YFP balancer and YFP expressing embryos were used for control, i.e. a mixture of *Nrt-wg*/balancer YFP and balancer YFP/balancer YFP embryos). It is conceivable that Nrt-Wg could have a dominant effect, although it should be noted that Nrt-Wg functions similarly to wild-type Wg in the contexts of larval denticle patterning, wing, leg and eye imaginal disc patterning, and bristle differentiation (Alexandre et al., 2014; Zecca et al., 1996). Early functions of Wg in Malpighian tubule specification and cell proliferation, and activation of Odd skipped in the posterior midgut. However, to test whether a dominant effect could be induced by *Nrt-wg* expression we have carried out an additional set of control experiments in which we used *wg-Gal4* to drive the expression of *UAS-Nrt-wg* in a background where the endogenous *wg* is present (Figure 4---figure supplement 2). This does not lead to a reduced Odd-expression domain in the tubule, and we consider this to be strong evidence that the *Nrt-wg* phenotypes are not a dominant effect of the Nrt-Wg protein.

> b\) The same concern I have with the results presented in Figure 4. Is the control just a wild-type?

In this case heterozygous *Nrt-wg* adults were used for the control; the tubules/ureters are indistinguishable from wild-type. This provides additional evidence that the defects we observe do not result from a dominant effect of the presence of Nrt-Wg, as at least the presence of one copy does not induce a phenotype. Unfortunately we were unable to also get data from *wg-Gal4\>UAS-Nrt-wg*. These flies do not survive until adulthood, which is likely to be due to developmental defects resulting from a delayed temporal control of expression for these tools (e.g. extended Wg activity due to perdurance from UAS-GAL4 tools).

> Here it would also be interesting to know the phenotype obtained in the absence of Wg.

Homozygous *wg^1-12^* flies (exposed to the temperature shift regimes described in the ms) did not reach adulthood due to a role for wingless in post-embryonic development. Neither did *UAS-pan-∆N/ CtB-Gal4;CtB-Gal4/+* which appear to die as early larvae, possibly due to aberrant renal function. However *UAS-arm^S10^/ CtB-Gal4;CtB-Gal4/+* (i.e. driving constitutive activity of Wg signalling) flies did survive to adulthood and we observed that the ensheathing visceral muscle extends more distally along the tubule (Figure 5---figure supplement 1). This phenotype is in the opposite direction to that observed in *Nrt-wg* adults, and supports the hypothesis (see below) that changing the identity of the tubule cells has a non-autonomous effect upon their recognition by visceral mesoderm during development.

> Similarly: does secreted Wg rescue the loss-of-function phenotype?

The ideal experiment here would be to test rescue of *Nrt-wg/Nrt-wg* animals with *wg-Gal4\>UAS-wg*, however this is not technically possible as *wg-Gal4* is inserted into the *wg* locus (as is *Nrt-wg*). However, as discussed above we consider it unlikely that *Nrt-wg* has a dominant effect (response to point a, above).

> And does the phenotype shown represent a \"patterning phenotype\"? For me, it is more severe, since there also seems to be a non-autonomous effect on the visceral mesoderm, and ureter shortening could be the result of apoptosis.

These are interesting points regarding the interpretation of the *Nrt-wg* phenotype upon the morphology of the adult tubules. We consider that the effect upon the visceral muscle which ensheaths the ureter to be a non-autonomous effect. To our view it could be explained by the identity of the cells of the more distal section of ureter being altered as a result of not expressing Odd skipped (and potentially other genes) and consequently not being recognised by migrating visceral mesoderm during development. We therefore consider this the secondary result of a patterning defect. We have now made these ideas explicit in the text of the manuscript. The idea that the phenotype could result from apoptosis is an interesting one. In order to directly test whether apoptosis is contributing to the observed phenotype, we stained *Nrt-wg* embryos with an antibody marker of apoptotic cells. We did not observe any clear cases of apoptotic cells in the proximal tubule indicating that cell death is not elevated in the tubule in this genetic context (Figure 4---figure supplement 3). As the ureters are much wider (as well as shorter) we suggests the phenotype is more likely a result of distorted morphology rather than a simple loss of cells. Further, our interpretation as outlined above is that the distal section of ureter is present, but is altered in identity -- in that it lacks the ensheathing visceral muscle.

> c\) From results presented in Figure 3 and 4 the authors conclude that Wg acts as long-range morphogen to pattern the tubules. One feature of a morphogen is its ability to activate target genes in a concentration dependent manner (as shown for Wg in the wing imaginal disc). Showing an effect on the expression of one target gene is, from my point of view, not sufficient to talk about \"a long-range morphogen\".

We have altered our wording in the title and throughout the manuscript to stress our essential conclusion, that the patterning role of Wg does require release and spread in the context of the Malpighian tubule. We consider our findings to point towards Wg acting as a morphogen in this context, however we agree with reviewer \#2's assessment that more than one target gene patterning several distinct regions would be required to draw this conclusion. Future work, for example identifying further Wg target genes in the tubule, will be necessary to resolve this issue.

> In addition, the phenotype presented looks more severe than a mere patterning defect.

We disagree with the idea that patterning defects cannot result in severe phenotypes (indeed many of the most striking *Drosophila* phenotype result from patterning defects e.g. Hox mutants). Our argument is that the ureter cells have an altered identity based on defects during developmental patterning. We do not know what this new identity is (more distal tubule?) but we might expect the change to have severe phenotypic consequences, including non-autonomous effects as outlined above.

> Reviewer \#3:
>
> Short but interesting paper reporting that in the Malpighian tubules, Wingless is secreted and disperses, as it does in most other developmental contexts. In the Malpighian tubules, however, this dispersal appears to be functionally important, demonstrating that different developmental contexts have different requirements for dispersal. I do not have any major concerns.

We are pleased to hear that reviewer \#3 evaluates this to be an interesting paper and has no major concerns with it.
